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T 1s now well established that penicillin is an extremely
effective agent for the treatment of many different types
I of infections, but a review of the clinical reports makes
it at once evident that there is little agreement concern-
meEsEsasaszsesd ing the amount, or the mode or frequency of administra-
tion required to effect a satisfactory therapeutic response. Due to the
scarcity of the drug there was at first a tendency to administer small
amounts, and as a result erroneous impressions arose concerning the
effectiveness of penicillin in diseases such as subacute bacterial endo-
carditis. More recently, doses found arbitrarily to give satisfactory re-
sults have been recommended by various groups of investigators. An
example of the discrepancies resulting from this procedure is the recom-
mendation, in cases of staphylococcal sepsis treated with a continuous
intravenous infusion of penicillin, of 30,000 to 40,000 units daily by one
group,' while in the opinion of others 300,000 to 400,000 units should
be administered each day.?

Now that penicillin is readily available, it is desirable to review the
laboratory and clinical experiences which have helped to clarify many
of the confusing problems of dosage and mode of administration. The
purpose of the present report, therefore, is to bring together the im-
portant contributions which provide a basis for rational therapy.
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Two outstanding characteristics of penicillin are its high degree of
antibacterial action and its selectivity. In contrast to the sulfonamides
whose action is primarily bacteriostatic, penicillin in concentrations ob-
tained in patients causes sterilization of cultures of susceptible organisms
within 24 hours and is for this reason often referred to as a bactericidal
agent. Unlike true bactericidal substances such as the phenols, which
sterilize cultures within a few minutes, penicillin even in high concen-
trations does not cause death of microdrganisms unless the contact is
maintained for many hours.® Of great practical importance, however, is
the fact that both iz vitro and i vivo penicillin is much more effective
in its antibacterial action than the sulfonamide drugs.

Selectivity refers to the high degree of antibacterial activity obtained
by penicillin against gram-positive bacteria, and its failure to inhibit the
growth of the majority of gram-negative bacteria.

Variations in susceptibility to penicillin occur not only among dif-
ferent species of bacteria, but also among various strains of any one
species. With most penicillin sensitive bacteria, however, and particu-
larly with the pneumococcus,* beta-hemolytic streptococcus,’ and gono-
coccus,® these variations are not of clinical significance since they are
not of sufficient magnitude to affect the results of therapy. For this
reason, routine sensitivity tests of the infecting organisms are of no
practical value to the clinician in most diseases for which penicillin is
employed. There are exceptions, however; for example in certain
staphylococcal infections, and in patients with subacute bacterial endo-
carditis in which the etiological organisms may be penicillin resistant
streptococci (enterococci), knowledge of the sensitivity of the organism
may be of importance both from the standpoint of therapy and prog-
nosis.

Correlation between the i vitro sensitivity of various organisms and
clinical results obtained in patients is much closer with penicillin than
with the sulfonamides. This is probably due to the fact that substances
such as pus and exudate which inhibit the sulfonamides, do not impair
the action of penicillin.” Indeed, under certain conditions, by promoting
the multiplication of bacteria these substances actually seem to enhance
the antibacterial action of penicillin.®

In view of the frequency with which various organisms acquire
resistance to the sulfonamides, the problem of penicillin resistance has
received intensive study. Laboratory investigations indicate that re-
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sistance of the beta-hemolytic streptococcus,” '* gonococcus,'* pneumo-
coccus, and most other susceptible organisms develops only after
prolonged exposure to penicillin. Clinical experience has confirmed these
observations; with the exception of the staphylococcus, well substanti-
ated instances of penicillin resistance acquired during therapy have not
been described. Further, in patients with streptococcal, pneumococcal,
and even staphylococcal infections, in whom relapses occurred because
of the location of the organisms in relatively avascular areas, penicillin
therapy has been continued for many weeks without the development
of any measurable degree of penicillin resistance.’*'* Final conclusions
cannot be drawn, but the evidence so far available suggests that, with
the exception of infections caused by the staphylococcus, penicillin re-
sistance will not become an important clinical problem.

The behavior of the staphylococcus when exposed to penicillin dif-
fers from that of other organisms. In contrast to the beta-hemolytic
streptococcus, for example, whose growth is completely inhibited by
penicillin in 24 to 36 hours, viable staphylococci can often be recovered
from cultures for as long as 6 or 7 days (see Figure 1). Clinically, the
same situation is observed in patients with empyema. In streptococcal
and pneumococcal empyemas the administration of intrapleural péni-
cillin for 1 or 2 days causes complete sterilization of the fluid, while in
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staphylococcal infections of the pleural cavity treatment must often be
continued for at least a week. An illustrative case of staphylococcal
empyema is presented in Figure 2. Twenty-four hours after the initial
intrapleural injection of 40,000 units of penicillin the fluid contained
100,000 organisms per cc.; on the 4th day there were 100 organisms per
cc.; and sterilization was not effected until the 7th day.

Staphylococci which remain viable for several days in the presence
of bacteriostatic concentrations of penicillin are often penicillin-resistant,
and contain an enzyme-like substance, “penicillinase”, which in small
quantities destroys large amounts of penicillin.* The relationship of this
substance to other “penicillinases” has not been elucidated, but it is
probable that studies of various penicillin inactivators will reveal valuable
information concerning the basic structure and mode of action of peni-
cillin. Penicillin resistance has been observed in approximately 10 per
cent of strains of staphylococci isolated from clinical sources.”?®
Whether resistance occurs as an acquired characteristic as a result of
contact of the bacteria with penicillin, or whether the sensitive organ-
isms are eliminated leaving naturally resistant staphylococci is not defi-
nitely known, but recent studies of two independent investigators'® 17
support the latter possibility. The evidence further suggests that re-



660 THE BULLETIN

CHRONIC OSTEOMYELITIS
APPEARANCE OF RESISTANT STAPHYLOCOCC! DURING TREATMENT

WEEKS | 2 3

102

10t
TEMPERATURE
100

SINUS STAPH. |+ + + + + + [+  + 4+ & |+ 44+ 4+ 4+ 4+ 4+ 1

IS

CULTURE | STREP. [+ + + + + + + + + + + 4+ 4+ + 4+ + 4|0 00

PENICILLIN 60,000

THERAPY
40,000

UNITS 20000

STRAIN
SENSITIVITY

Fie. 8

sistance is much less likely to be manifested if the organisms are, from
the start, kept in contact with high concentrations of penicillin. The
appearance of penicillin resistance in a case of staphylococcal osteo-
myelitis treated with inadequate doses of penicillin is presented in
Figure 3. The staphylococci isolated prior to the institution of therapy
were killed by relatively low concentrations of penicillin, whereas strains
isolated after two weeks of treatment with penicillin in a dose of §,000
units every 4 hours were markedly resistant. More favorable results
have been obtained in other cases receiving large doses of penicillin.
Here, of course, as in staphylococcal infections in general, the necessity
of prolonged therapy as well as adequate doses should be emphasized.

ABSORPTION AND EXCRETION OF PENICILLIN AND ITs DIFFUSION INTO
Various Bopy FLuips

Before considering the relationship of the concentration of penicillin
in the blood to antibacterial action, it is well to review briefly studies
on the absorption, excretion and diffusion of penicillin. Penicillin is most
frequently administered intramuscularly, although other routes may be
used. When injected into the muscle, absorption is rapid, producing
maximal concentrations in the blood within 15 to 20 minutes. Beginning
penicillin therapy with an initial intravenous injection is therefore com-
pletely unnecessary, although it is a common procedure, presumably as
a holdover from sulfonamide medication, in which an initial intravenous
injection is often advisable.

Once absorbed, penicillin is eliminated from the body very rapidly.
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It was originally thought that approximately 4o per cent of the dose
injected was destroyed in the body,”* but recent evidence indicates
that destruction by the tissues is actually slight, and that almost all of a
single dose administered intramuscularly or intravenously is excreted in
the urine." Eighty per cent appears in the urine within two hours, and
after the fourth hour the amount remaining in the body is less than 5
per cent of the original dose. By various methods of studying renal clear-
ance it has been definitely demonstrated that the reason for the rapid
elimination of penicillin from the body is that it is excreted both by the
glomeruli and the renal tubules.? **

These two factors, rapid absorption and rapid excretion, are respon-
sible for one of the greatest disadvantages of present day penicillin
therapy, namely, the necessity for frequent, parenteral injections. In-
tensive efforts are being made to perfect methods of delaying the
absorption of penicillin, by mixing it with beeswax and peanut oil,* by
the use of vasoconstrictors,?® and by the application of cold compresses
near the site of injection.?* Attempts are also being made to delay excre-
tion by combining penicillin with substances of high molecular weight,?
and by the concomitant administration of other agents, such as para-
aminohippuric acid, which compete with penicillin for excretion by the
renal tubules.?® The most promising of these methods at present is the
intramuscular injection of penicillin-beeswax mixtures; blood levels are
maintained for as long as 24 to 28 hours following the administration of
300,000 units of penicillin in 1 cc. of 5 per cent beeswax and peanut oil.

Methods of administering penicillin by mouth are also being studied.
The best evidence at present indicates that none of the enteric coatings,
oils, or antacids, so far employed give results better than those obtained
with the ingestion of penicillin dissolved in tap water. With this method,
five or six times as much penicillin must be administered to produce
levels equivalent to those following parenteral injections.?” The increased
commercial production of penicillin, plus the fact that oral preparations
do not need to be as highly purified as those used. parenterally, may
eventually make oral administration feasible even if methods of avoiding
the destructive action of the gastric juices or increasing absorption from
the intestine are not evolved.

Knowledge concerning the distribution of penicillin in the body is
essential for good therapeutics. In general, diffusion of penicillin into
various body fluids and cavities occurs irregularly, and to a small extent.
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For this reason local therapy as well as parenteral injections have been
used in the treatment of infections of pleural, pericardial and joint cavi-
ties. Frequently when the infection is well localized, as in empyemas,
systemic administration of penicillin is not required, favorable results
being obtained by local injections alone.

With the usual therapeutic doses penicillin does not appear in meas-
urable quantities in the spinal fluid of normal individuals, and as a result
intrathecal administration is commonly used in patients with infections
of the meninges.*® More recently it has been shown that with very large
doses of penicillin small amounts can sometimes be detected in the spinal
fluid of normal subjects®® and in patients with meningitis.** Others, how-
ever, have found that in patients with meningitis, penicillin appears in
the spinal fluid very irregularly and in low concentrations.** Although
a few patients with meningitis have been cured by parenteral administra-
tion alone, clinical experience has shown that others have failed to
respond to such therapy® and that in some cases bacterial meningitis
has actually appeared during the course of parenteral treatment of extra-
meningeal infections.®*

The subject is controversial, but the best evidence indicates that, for
adequate and conservative therapy of staphylococcal, streptococcal and
pneumococcal meningitis, both parenteral and intrathecal routes should
be used. Since some strains of meningococci are relatively resistant to
penicillin® and the results obtained with the sulfonamides are so favor-
able, the latter drugs should be used in the treatment of meningococcal
meningitis. The one exception to the use of both intrathecal and paren-
teral injections of penicillin is syphilitic meningitis, in which results with
intramuscular injections alone appear to be excellent.®

There are certan conditions, notably subacute bacterial endocarditis,
various forms of late syphilis, and chronic osteomyelitis, in which an-
other important factor must be considered, namely, penetration. Early
results of penicillin therapy in subacute bacterial endocarditis, using only
5000 units every four hours, were so disappointing that for a time peni-
cillin was abandoned for the treatment of this disease. More recently,
large amounts have been administered for two to eight weeks, and a
fairly large number of cases have now been reported in which the infec-
tion has been eradicated. These favorable results are presumably due to
the fact that with the maintenance of high, continuous blood levels of
penicillin, there is penetration into the vegetations and destruction of
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organisms so that a clinical relapse is prevented. Similarly, although sur-
gical removal of avascular areas is usually necessary in cases of chronic
osteomyelitis, instances do occur in which high continuous levels of
penicillin produce sufficient penetration to bring about clinical cures.™

The failure of penicillin to appear in the saliva of normal subjects'
or in the sputum of patients with pneumonia®* may be of importance
in infections of the respiratory tract. A study undertaken by the Com-
mission on Acute Respiratory Diseases to determine the effect of peni-
cillin on the normal throat flora showed that the parenteral injection of
20,000 units every 3 hours resulted in no distinct change in the ease of
isolation of beta-hemolytic streptococci, pneumococci or staphylococci
from the throat. Whether this failure to eradicate organisms from the
throats of normal carriers was due to (1) a failure of penicillin to cross
the normal mucous membranes, (2) lack of secretion of the drug in the
saliva or (3) that the susceptible organisms were present in a resting
state and were therefore not susceptible to penicillin, cannot be deter-
mined.

In contrast, penicillin is highly effective against organisms in the
throat of patients with tonsillitis and pharyngitis. The beneficial effects,
however, are exerted only when penicillin is administered parenterally.
This is well illustrated in Figure 4, in a patient treated initially with
penicillin gargles in whom there was no improvement either clinically or
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bacteriologically. The failure to obtain a favorable response by local
applications in this instance was undoubtedly due to the fact that the
contact between the organism and penicillin was very brief, and em-
phasizes the point that relatively prolonged contact is necessary. When
penicillin was administered by intramuscular injection, however, the
streptococci rapidly disappeared, only to reappear when treatment was
discontinued after three days. It has been definitely demonstrated that
in order to bring about a permanent cure in cases of streptococcal sore
throat, it is necessary to continue treatment for a period of at least five
days.®

In pneumococcal pneumonia, studies by the Commission on Acute
Respiratory Diseases have shown that viable, virulent pneumococci can
be recovered from the sputum during and following therapy with peni-
cillin for as long as sputum can be obtained.®” A representative case,
showing the method of study, is presented in Figure 5. Thus, although
penicillin may destroy some of the organisms present in the parenchyma
of the lung, a reactivation of the infection may be caused by pneumo-
cocci remaining viable in the bronchial exudate if treatment is discon-
tinued too soon. Clinical relapses occurring in patients treated with
penicillin for only two or three days have been described by Tillett,
Cambier, and McCormack.?®

With both streptococcal pharyngitis and pneumococcal pneumonia,
then, it is necessary to continue treatment for several days to insure
sterilization of the infected tissues and prevent relapses. It would appear
that penicillin merely inhibits growth of the bacteria, thereby localizing
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the infection; actual recovery is brought about by the body’s own de-
fense mechanisms. The development of natural immunity is probably of
importance also in conditions other than pneumonia and pharyngitis,
but so far these relationships have not been worked out in detail.

REeLATION OF BLoOD CONCENTRATION TO ANTIBACTERIAL ACTIVITY

Ideally, the objective of therapy with penicillin, as with other chemo-
therapeutic agents, should be to maintain, at the site of the infection,
concentrations of penicillin which exert maximal antibacterial activity
throughout the entire period of treatment. From a practical standpoint
this is not feasible at the present time, and is even considered disadvan-
tageous by some observers,*® on the basis that since penicillin is effective
against bacteria only during the stage of multiplication, intermittent
therapy will allow periods of multiplication alternating with periods of
bacteriostasis, and will therefore be more effective. This objection to
continuous therapy, based on # witro observations, does not take into
consideration conditions existing locally in the tissues, and from a prac-
tical standpoint the results obtained clinically with continuous effective
concentrations of penicillin in the blood stream are excellent. Indications
are that in the future penicillin will be administered by methods which
will provide constant measurable blood levels.

In vitro tests of whole blood obtained from normal individuals re-
ceiving penicillin have shown*" maximal antibacterial activity against
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hemolytic streptococci and staphylococci by concentrations as low as
0.04 and o.2 units per cubic centimeter respectively (Figure 6). Lower
concentrations exhibit definite, but not maximal activity; higher con-
centrations do not produce any appreciable increase in antibacterial
action. These values, 0.04 and o.2 units per cubic centimeter, which
apply respectively to a highly sensitive and relatively resistant organism,
are of fundamental importance in relation to the concentrations obtained
in the blood stream of patients. :

.Since chemical methods are not available, penicillin assay methods
in use at the present time are based on the ability of penicillin to inhibit
the growth of sensitive microorganisms. One of the defects of these
methods is their inability to detect small concentrations of penicillin in
body fluids. The smallest concentrations which can be measured accu-
rately, 0.02 to 0.04 units per cubic centimeter, are highly effective
against' most penicillin sensitive bacteria, and it is important, therefore,
to have some knowledge of how long penicillin exerts therapeutic action
in the body after it can no longer be detected in the blood stream.

Bactericidal tests of whole blood obtained from patients during and
following therapy have revealed valuable information on this subject.*
In patients receiving intramuscular injections of 20,000 units, the bac-
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tericidal power of the blood was found to be increased for a period of
from 30 to 75 minutes after penicillin was no longer detectable in the
serum by routine assay methods. This is illustrated in Figure 7. From this
evidence, it would seem highly unlikely that, following the usual injec-
tion of 15,000 to 20,000 units, one could count on any therapeutic
activity for more than one hour after detectable levels were no longer
present. Since with these doses penicillin is present in measurable
amounts in the blood stream for from two to three hours, it can reason-
ably be assumed that, for all practical purposes, therapeutic activity will
cease between the third and fourth hour. These observations are sup-
ported by the evidence alluded to previously, indicating that by the end
of the fourth hour all but about s per cent of the dose administered
is excreted in the urine.

A point of interest in this connection is the effect of an increase in
the size of the dose upon the duration of therapeutic activity in the
blood stream. This is illustrated in Figure 8, in five patients who re-
ceived single intramuscular injections of 50,000 units, and at a later
date additional injections of 100,000 units. Doubling the size of the dose
produced blood concentrations twice as high as those observed with
50,000 units, but the duration of assayable blood levels was prolonged
by only about one third. This relative inefficiency of larger doses, also
pointed out by Fleming,** has the additional disadvantage of producing
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levels in the blood stream which are considerably in excess of those
necessary to exert maximal bacteriostasis.

The broad relationships of the concentration of penicillin in the
blood stream to the sensitivity of various susceptible organisms, as well
as to other factors, are summarized diagrammatically in Figure 9. The
extremes of variation in susceptibility are represented by the staphylo-
coccus and the hemolytic streptococcus. In addition to the staphylo-
coccus, many strains of Streptococcus viridans and non-hemolytic
streptococci should be included in the resistant group. Because of the
serious nature of infections such as syphilis, diphtheria, and gas gangrene,
the organism causing these diseases should also be regarded as highly
resistant from a therapeutic standpoint until more information is avail-
able concerning their susceptibility both in vitro and i vive. Organisms
other than the hemolytic streptococcus which may be considered highly
sensitive are the gonococcus and pneumococcus. Strains of intermediate
sensitivity are represented by the meningococcus. The relative suscepti-
bility of various other organisms, including fungi, spirochetes, and
rickettsiae are not definitely known.

Other factors of importance in determining the size of the dose of
penicillin are the severity of the infection, the vascularity of the area
involved, and the barriers through which penicillin must diffuse or pene-
trate in order to come into contact with the infecting organisms.
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The zone of maximal antibacterial action includes concentrations of
penicillin which will cause complete inhibition of growth of the bac-
teria, and which should ideally be maintained throughout the entire
period of treatment. However, definite bacteriostasis is exerted by con-
centrations considerably lower than those regarded as maximal. As in-
dicated on the chart (Figure 9), this zone of effective antibacterial action
includes, for highly susceptible organisms, concentrations of penicillin
lower than those which are measurable by present methods of assay.

The relationship of these zones of antibacterial activity to blood
levels obtained with intramuscular injections of penicillin in saline is
presented in Figure 10. An injection of 20,000 units produces levels in
the blood stream considered maximal against the staphylococcus for a
period of less than one hour, and levels which are definitely bacterio-
static, although not maximal, for another two hours. For the hemolytic
streptococcus, on the other hand, the same dose of penicillin produces
concentrations having maximal antistreptococcal action for a period of
more than two and one-half hours, with partially inhibitory levels for
another one and one-half to two hours.

From these figures it is possible to plan rational schemes of therapy
for various infections taking into consideration in addition the factors
presented in Figure 9. For staphylococcal infections, for example, in-
jections of 25,000 units every two hours will produce optimal continu-
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ous levels in the blood stream; for streptococcal infections, 15,000 units
every three hours are adequate. It is not within the scope of this paper
to make specific recommendations of dosages for various types of infec-
tions; the examples cited are presented merely to illustrate the manner
in which the dosage schedules are evolved.

The blood concentrations listed in Figures 9 and 10 may also be
attained by continuous subcutaneous, intramuscular, or intravenous in-
fusions of penicillin. Although somewhat tedious, these methods of ad-
ministration are often desirable for the initial treatment of patients
seriously ill from overwhelming infections. Blood levels which can be
more or less constantly maintained with a continuous intravenous infu-
sion for twenty-four hours are as follows: with 100,000 units, 0.1 unit
per cubic centimeter, with 200,000 units, 0.2 unit per cubic centimeter,
and with 400,000 units, 0.4 unit per cubic centimeter.?* With a continu-
ous intramuscular infusion, the levels are almost identical with those
obtained by the intravenous route.** Subcutaneous administration, how-
ever, produces concentrations only about one half as great as those
observed with the other two methods.?* Daily dosages adequate for
various types of infections may be ascertained by reference to Figure 9.

Two points require special emphasis. One is that doses producing
optimal concentrations of penicillin in the blood stream are all that are
necessary. Giving larger doses merely raises the concentration of peni-
cillin, without increasing the already maximal antibacterial activity. This
point is reiterated with the hope that it will temper the present tendency
towards overdosage which, while not harmful to the patient, is wasteful
and unnecessary.

The other point is that, for all practical purposes, penicillin remains
active in the tissues for only three or four hours following the usual
therapeutic doses. Penicillin is often administered only four times a day,
leaving a period of twelve hours during which no injections are given.
Results obtained with this regimen are so favorable in diseases such as
pneumococcal pneumonia** that there is considerable speculation about
the possibility of antibacterial activity remaining in the tissues for many
hours after penicillin has apparently left the blood stream. From the data
presented in this paper it would appear that this assumption, the implica-
tions of which are potentially dangerous, is entirely erroneous.

In conclusion, it must be stated that the exact blood concentrations
presented in Figures g and 10 cannot be regarded as final from a thera-
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peutic standpoint since they are based largely on laboratory observations.
Certain factors existing in the tissues, such as the activity of the leuko-
cytes, and the various growth phases of bacteria, are poorly understood,
and may eventually alter some of our present concepts. Extensive
studies, both clinical and laboratory, will be necessary before a final
answer can be reached. For the present, however, the data which are
presented are based on sound fundamental observations, and provide a
basis for the clinical administration of penicillin which is essentially
conservative and rational.
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